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Abstract
The anisotropic two-dimensional (2D) van der Waals (vdW) layered materials, with both
scientific interest and potential application, have one more dimension to tune the properties
than the isotropic 2D materials. The interlayer vdW coupling determines the properties of 2D
multi-layer materials by varying stacking orders. As an important representative anisotropic
2D materials, multilayer rhenium disulfide (ReS2) was expected to be random stacking and
lack of interlayer coupling. Here, we demonstrate two stable stacking orders (aa and a¯b) of N
layer (NL, N>1) ReS2 from ultralow-frequency and high-frequency Raman spectroscopy, pho-
toluminescence spectroscopy and first-principles density functional theory calculation. Two
interlayer shear modes are observed in aa-stacked NL-ReS2 while only one interlayer shear
mode appears in a¯b-stacked NL-ReS2, suggesting anisotropic-like and isotropic-like stacking
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orders in aa- and a¯b-stacked NL-ReS2, respectively. The frequency of the interlayer shear
and breathing modes reveals unexpected strong interlayer coupling in aa- and a¯b-NL-ReS2,
the force constants of which are 55-90% to those of multilayer MoS2. The observation of
strong interlayer coupling and polytypism in multi-layer ReS2 stimulate future studies on the
structure, electronic and optical properties of other 2D anisotropic materials.
Two dimensional (2D) van der Waals (vdW) layered materials have attracted great interest, due
to its remarkable physical properties and excellent device prospect.1–4 The in-plane anisotropic
2D materials, such as black phosphorus (BP),5–8 SnSe,9,10rhenium disulfide (ReS2)11 and Rhe-
nium Diselenide (ReSe2),12 have one more dimension to tune the properties than the isotropic
2D materials, like graphene and MoS2.13 The novel anisotropic properties of these systems make
them be the promising materials for application in future electronics, optoelectronics and thermo-
electrics.7,10,11 So far, anisotropic 2D materials can be divided into two categories by their struc-
tural properties. One category is the strongly buckled honeycomb sheet with ’troughs’ running
along the y-axis (b direction), and the typical materials are BP and SnSe.5,9,14 The other one lies
disordered 1T-structures, which are unlike the common high symmetric 2H-structure (the common
structure in transition metal dichalcogenides (TMDs), such as MoS2, WSe2 15). The classic 1T
materials are ReS2,16 ReSe2 12 and WTe2.17,18
The vdW interaction plays an important role in the physical properties of layered materi-
als.13,19–21 For example, MoS2 is tuned from direct to indirect bandgap semiconductor from mono-
layer to bilayer by the interlayer coupling.13 Moreover, BP is a direct semiconductor with the bang
gap varying from 0.3 of the bulk form to 1.5∼2.0 eV of monolayer.22 The natural 2D materials
usually stacking regularly, and the stacking order significantly affects the properties of 2D mate-
rials.21,23,24 For instance, the twisted bilayer graphene (BLG) emerges a pairs of singularities in
the density of states in comparison with the Bernal-stacked BLG.23,25,26 Understanding the inter-
layer coupling and layer stacking are of essential importance before stacking them to build 2D
heterostructures for both device application and basic physical research.27
Anisotropic multilayer ReS2 was previously found to be randomly stacked and lack of inter-
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layer coupling,11,16,28 as a consequence, bulk ReS2 exhibits monolayer behavior due to electronic
and vibrational decoupling in bulk ReS2.16 Here, two stable stacking orders in multilayer ReS2,
aa and a¯b stackings, have been identified by Raman and photoluminescence (PL) spectroscopies,
which are further confirmed by the density functional theory (DFT) calculations. Two shear (C)
modes are observed in the aa-stacked bilayer (2L) ReS2, indicating an anisotropic structure. How-
ever, the a¯b-stacked 2L-ReS2 exhibits an isotropic feature because only one C mode is observed
in the a¯b-stacked 2L-ReS2. The observation of ultralow-frequency interlayer vibration modes
suggests that multilayer ReS2 with both the two stacking orders shows unexpected significant in-
terlayer couplings, the strengths of which are 55-90% to those of multilayer MoS2. Moreover,
The two stacking ways in multilayer ReS2 can be clearly identified by their high-frequency Raman
modes and PL spectra. The discovery of strong interlayer coupling and polytypism in multi-layer
ReS2 open the possibility to further understand the layer stacking behaviors in other 2D anisotropic
materials.
Figure 1(a) shows the crystal structure of the monolayer ReS2, whose unit cell contains four
formula units consisting of two categories of rhenium (Re) atoms together with four categories of
sulfur (S) atoms. Each Re in monolayer ReS2 has six neighboring S sites, and the Re atoms are
sandwiched by the S atoms at the both sides. Unlike common TMDs such as MoS2 and WSe2
which crystallize in the hexagonal (H) phases, ReS2 crystals exhibit a distorted CdCl2-type lattice
structure.29 Owing to the Peierls distortion,30 four adjacent Re atoms are bonded together to form
a zigzag chain,31 oriented along the direction of lattice vector a (see Fig. 1(a)). Figure 1(b) shows
two 2L ReS2 flakes, SA and SB. The atomic force microscopy (AFM) measurement in Fig. 1(b)
reveals the thicknesses of the flakes SA and SB are 2.0 and 2.1 nm, respectively, which are about
0.7 nm larger than the expected thickness (1.4 nm) of 2L ReS2. This discrepancy is most likely
ascribed to the instrumental offset for the absolute values. Indeed, the thickness (∼0.7 nm) of 1L
ReS2 was measured to be 1.4 nm as demonstrated in Fig. S1 in the SI. Although the SA and SB
flakes are identified as 2L ReS2, they exhibit different optical contrast, suggesting that 2L ReS2
can crystallize in different crystal structures, in contrast to the previous reports.11,16,28
3
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Figure 1: (a) Crystal structure of 1L ReS2 with 3×3 unit cells. The Re atom chain along a direction
is marked by the dash frame.(b) Optical image of two ReS2 flakes (SA and SB) on a 90 nm SiO2/Si
substrate and the corresponding AFM images within the square frames of the two flakes. The
height profiles indicate that both SA and SB flakes are 2L-ReS2. (c) Optical contrast of the flakes
SA and SB. (d) Stokes/anti-Stokes Raman spectra of the flakes SA and SB in the ULF region. (e)
The intensities of the C and LB modes for the flakes SA and SB as a function of laser polarization
angle. Circles and Squares are experimental data and solid curves are the trends based on the
symmetry analysis.
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1L and bulk ReS2 belong to the Ci space group. The unit cell of 1L ReS2 is comprised of
12 atoms with 36 normal vibrational modes. In principle, for N-layer (NL) ReS2 with a unit cell
of 12N atoms, 36N modes are expected. The Γ phonons of 1L ReS2 can be expressed by the
irreducible representations of Ci as follows: Γ = 18(A′′+ A′), where three A′′ are acoustic modes,
the other A′′ are infrared active, all the 18 A′ modes are Raman active. The Raman spectrum of 1L
ReS2 has been studied by several groups16,28,32 and 18 A′ modes are already observed. As depicted
in the Fig. S2 in the Supplementary Information, more than 18 Raman modes are observed in the
Raman spectra of the flakes SA and SB in the range of 100-450 cm−1, which are similar to each
other. This indicates that the SA and SB flakes have the similar in-plane atomic structures.
Interlayer vibration modes were used to characterize the interlayer coupling4,12,19,33 and the
stacking orders21,23,24,26,34 of multilayer flakes of 2D materials. In particular, the shear (C) modes
are very sensitive with the stacking condition.23 For example, in the AB-stacked bilayer graphene
(BLG),19 the C mode is at 32 cm−1, but it cannot be observed in the twisted bilayer graphene
(tBLG),23 due to the periodicity mismatch between two twisted layers. However, the twisting at
the interface of twisted multilayer graphenes (MLG) does not substantially modify the frequency
of the layer breathing (LB) modes because the interlayer distance is nearly unchanged after twist-
ing.26 On the other hand, in the twisted 2L-MoS2, the LB modes slightly soften from that of
AB-stacked 2L-MoS2,35 due to the twisting induced increase of the interlayer distance.35,36 For
in-plane isotropic 2D materials, such as MLG19 and multilayer MoS2,33,37 the C mode is dou-
bly degenerate. However, in an anisotropic 2D material, such as BP,14,38 the C modes are non-
degenerated and each pair of the C modes should be denoted as Cx and Cy. For an NL 2D flake,
there are N-1 pairs of C modes and N-1 LB modes. We denote the C and LB modes with the high-
est frequency, respectively, as CxN1, C
y
N1 and LBN1, and those with the second highest frequency as
CxN2, C
y
N2 and LBN2.
Ultralow-frequency (ULF) Raman spectroscopy19 is used to further identify the interlayer cou-
pling and the stacking orders ReS2 flakes SA and SB, as shown in Fig. 1(d). Three peaks are
located at 13.8, 17.5 and 28.7 cm−1 in the flake SA. However, only two peaks are observed at
5
15.1 and 29.3 cm −1 in the flake SB. There is no ULF mode in the 1L ReS2 flake whose optical
image is shown in Fig. S1 of SI, further confirming that the flake is monolayer due to the absence
of the C and LB modes.19 Because the LB coupling is usually stronger than the shear coupling
in layered materials, we identify the mode with the highest frequency in flakes SA and SB as the
LB21 mode. We further identify the modes at 13.8 and 17.5 cm−1 in flake SA as Cy21 and Cx21,
respectively, and the mode at 15.1 cm −1 in flake SB as C21. Two C modes observed in the SA
flake indicate its anisotropic-like feature, similar to the BP case.14,38 However, only one C mode
is observed in the SB flake, suggesting its isotropic-like feature, similar to the case of multilayer
MoS2 and MLG.19,33 All of the interlayer C and LB modes shows a polarization dependence on
the mode intensity, as depicted in Fig. 1(e). This polarization dependence behavior directly results
from its low crystal symmetry (Ci) although the interlayer vibration is isotropic-like in the SB flake
of 2L-ReS2.
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Figure 2: (a,b) Stacking schematic diagram and top view of crystal structure of the aa-stacked
(a) and a¯b-stacked (b) 2L-ReS2. The rotation axes are labeled by red dot-dashed lines. (c,d)
Atomic displacement schematic of three ULF interlayer modes in aa-stacked (c) and a¯b-stacked
(d) 2L-ReS2 obtained from the DFPT calculation. The corresponding frequencies are marked.
Both the optical contrast and measured frequencies of interlayer vibration modes indicate that
the SA and SB flakes are 2L-ReS2 with different crystal structural symmetries or layer stacking
orders. As shown in Fig. 1(a), a formed Re-Re bond is almost oriented parallel to the b direction,
and the top S atom bonding with these two Re atoms are in the forward side of the a direction. This
6
Re-S-Re triangle can be adopted to illustrate the crystal structural symmetry of NL ReS2. There
are many stacking orders of 2L-ReS2 built from two 1L-ReS2 by the in-plane relative rotation
and translation. In each case, the top layer can almost superpose with the bottom layer after the
top layer is rotated 180 ◦ along a special in-plane rotation axis and then shifted along in-plane
direction. Since the crystal structure of 1L ReS2 is reduced from the hexagonal crystal system,
there are 6 in-plane rotation axes. Because of the in-plane anisotropy, the 6 in-plane rotation axes
increase to 12 axes after the axis direction is considered, where the orientation along the opposite
direction of the included angle of the two Re-Re bonds can be set as the positive direction, see
Fig. 2(a)(b). Fig. 2(a)(b) demonstrate the possible configuration with rotation axes of aa and a¯b,
and the corresponding 2L ReS2 are denoted as aa-stacked 2L-ReS2 (aa-2L-ReS2) and a¯b-stacked
2L-ReS2 (a¯b-2L-ReS2), respectively. The axis aa is in the same direction with the vector a, while
the axis a¯b is in the same direction with the vector -a+b. In general, in this quasi-hexagonal crystal
system, there are 12 possible stacking ways, as shown in Fig. S3 in the SI. The 12 possible stacking
ways for 2L-ReS2 are relaxed by density functional theory (DFT) (see the method for detail), in
which relative small translation between the top and bottom ReS2 layers for each stacking way is
considered. The free relaxation of crystal structures show that the top and bottom ReS2 layers in
2L-ReS2 tends to not shift for each stacking way. The aa-2L-ReS2 is the most stable configuration
with the lowest total energy (referenced to 0 eV), and the a¯b-2L-ReS2 is the second most stable
configuration with the second lowest energy (0.09 eV). After the free relaxation by DFT, the lattice
constants of aa-2L-ReS2 are 6.38 (|a|) and 6.52 (|b|) Å, and the lattice constants of a¯b-2L-ReS2 are
6.44 (|a|) and 6.52 (|b|) Å.
In a bilayer 2D system, the frequency difference between Cx and Cy is dependent on the lattice
constant difference between the direction a and b. For example, the |a| and |b| are 3.32 and 4.58 Åin
BP,5 which leads to that the frequencies of Cx and Cy in 2L-BP are 13.7 and 36.5 cm−1.14,38 The
difference between |a| and |b| of aa-2L-ReS2 is bigger than that of a¯b-2L-ReS2, which indicates
that the frequency difference between the Cx and Cy modes of aa-2L-ReS2 is bigger than that of
the a¯b-2L-ReS2. The frequency difference of the two C modes in the flake SA is 3.7 cm−1, and
7
that in the flake SB is expected to be small so that only one C mode observed in the flake SB. Thus,
we identify the flake SA as aa-2L-ReS2, and the flake SB as a¯b-2L-ReS2.
As shown in Fig. 2(c), the calculated frequency of the Cy21, Cx21 and LB21 modes, Pos(Cy21),
Pos(Cx21) and Pos(LB21), for the aa-2L-ReS2 are 11.7, 16.5 and 25.7 cm−1, respectively, which are
closed to the experimental results of 13.8, 17.5 and 28.7 cm−1. The theoretical Pos(Cy21), Pos(Cx21)
and Pos(LB21) for a¯b-2L-ReS2 are (13.9, 15.4) and 23.8 cm−1, respectively, as shown in Fig.
2(d), also consistent with the experimental values of 15.1 and 29.3 cm−1. Moreover, 4.8 cm−1 of
Pos(Cx21)-Pos(Cy21) in the aa-2L-ReS2 agrees with the experimental value of 3.7 cm−1. 1.5 cm−1 of
Pos(Cx21)-Pos(Cy21) in the a¯b-2L-ReS2 is comparable with the full width at half maximum (FWHM)
of 1.3-1.9 cm−1 for the C mode, making it hard to be resolved in the experiment. These results
confirm the identification of the stacking orders for the flakes SA and SB. Because aa-2L-ReS2
is expected to be the most stable configuration, the aa-2L-ReS2 is more frequently exfoliated in
the experiment. Indeed, the 80% of the exfoliated 2L-ReS2 exhibit the two C modes in the ULF
Raman spectra.
ULF Raman spectroscopy is further applied for NL ReS2 (N>2). We find that for each NL-
ReS2, the ULF Raman spectra can be divided into two categories, which exhibit different spectral
features in mode number and peak position. After analyzing the peak position for each mode
in these two categories, we find that the two categories of NL ReS2 correspond to the aa and
a¯b stacking configurations as addressed above in 2L-ReS2, and are denoted as aa-NL-ReS2 and
a¯b-NL-ReS2 (N>1), respectively. The ULF Raman spectra of aa-NL-ReS2 and a¯b-NL-ReS2 are
depicted in Fig.3(a) and Fig.3(b), respectively, together with the data from 1L ReS2 presented
for comparison. The linear chain mode (LCM) can be used to describe the N-dependent inter-
layer mode frequency where only the nearest-neighbor interlayer interaction is considered.19 The
frequency of N-1 LB modes of in NL ReS2 can be given as follows:33
Pos(LBN,N− j) =
√
2Pos(LB21)sin( jpi/2N), (1)
where j is an integer, j = N-1, N-2,..., 2,1. The above equation can also be applied to the C
8
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Figure 3: (a,b) Stokes/anti-Stokes Raman spectra in the C and LB peak region for aa-stacked (a)
and a¯b-stacked (b) 2-8L ReS2 along with that of 1L ReS2. The dashed lines are guides to the
eye. (c,d) Positions of LB (c) and C (d) modes as a function of N for aa-stacked 2-8L ReS2. The
blue open squares, green open triangles and red open circles are the experiment data. The crosses
are the theoretical data based on LCM. The index of each branch observed in the experiment is
labeled. (e,f) Positions of LB (e) and C (f) modes as a function of N for aa-stacked 2-8L ReS2.
The blue open squares and red open circles are the experiment data. The crosses are the theoretical
data based on LCM. The index of each branch observed in the experiment is labeled.
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modes in the aa-NL-ReS2 (N>1) by replacing Pos(LBN,N− j) with Pos(CyN,N− j) and Pos(CxN,N− j),
and the C modes in the a¯b-NL-ReS2 by replacing Pos(LBN,N− j) with Pos(CN,N− j). Once the
frequencies of interlayer modes of 2L ReS2 are determined, those in NL ReS2 can be predicted.
As demonstrated in the Fig. 3(a) for the aa-NL-ReS2, the LBNN−1, LBNN−3 and LBNN−5 branches
are marked by the blue dash-dotted lines, and the CxN1, C
y
N1, C
y
N2, C
y
N3, C
y
N4 branches are marked
by the green or red dashed lines, respectively. The prominent interlayer mode branches (CNN−1,
CNN−3, CNN−5, LBNN−1, LBNN−3, LBNN−5) of a¯b-NL-ReS2 are also demonstrated in the Fig.
3(b). The spectral feature is quite complex and peak fitting is necessary for certain aa-NL-ReS2 to
identify some interlayer modes, as depicted in Fig. S4 in the SI for aa-3L-ReS2 and aa-4L-ReS2.
All the experimental Pos(C) and Pos(LB) of aa-NL-ReS2 are summarized in Fig. 3(c) and 3(d),
and those for a¯b-NL-ReS2 in Fig. 3(e) and 3(f), respectively. All of them are in good agreement
with the theoretical results based on LCM.
As shown in Fig. 3(c)(e), the observed LB branches for aa and a¯b stacking configurations in
NL ReS2 are j=N-1, N-3 and N-5. The interlayer mode in each branch of j=N-1, N-3 or N-5
increases in frequency with increasing N, which is also true for the C branches in a¯b-NL-ReS2.
However, the observed C branches in aa-NL-ReS2 are j=1 for Cx and j=1, 2, 3 and 4 for Cy. It
may result from the different symmetries and electron-phonon couplings between the aa and a¯b
stacking orders.23 Fig. 3(c-f) has shown that N-dependent Pos(C) and Pos(LB) in aa- and a¯b-NL-
ReS2 can be well explained by the LCM. The interlayer coupling can be deduced from the mode
frequency of the C and LB modes of 2L-ReS2 by a formula33 of αC = (2pi2c2)µPos(C21) and
αLB = (2pi2c2)µPos(LB21), where αC and αLB is the interlayer shear and breathing force constant
per unit area, µ atomic mass per unit area, and PosC21 and PosLB21 the frequency of the C and LB
modes of 2L-ReS2, respectively. Cx21, C
y
21 and LB21 in aa-2L-ReS2 are observed at 17.5, 13.8 and
28.7 cm−1, respectively. These frequencies are slightly smaller than those33 of the C (22.6 cm−1)
and LB (40.1 cm−1) modes of 2L-MoS2. Because µ(ReS2) is about 1.5 times toµ(MoS2), αC of
anisotropic-like aa-2L-ReS2 along X and Y axes are about 90% and 55% to those of 2L-MoS2,
respectively, significantly anisotropic in the basal plane. αLB in 2L-ReS2 is about 76% to that in
10
2L-MoS2. For the isotropic-like a¯b-2L-ReS2, αC is about 67% of that in 2L-MoS2. Our results
show compelling evidence of significant interlayer coupling in aa- and a¯b-NL-ReS2, which are
comparable with those in multilayer MoS2.
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Figure 4: (a,b) Raman spectra of aa-stacked (a) and a¯b-stacked (b) 2-8L ReS2 in the range of 120-
250 cm−1, together with that of 1L ReS2 for comparison. The dashed lines are guides to the eye.
(c) Pos(mb)-Pos(ma) as a function of N for aa-stacked (green circles) and a¯b-stacked (red circles)
2-8L ReS2. The inset shows the atoms displacement of the modes ma and mb, which are indicated
in (a) and (b).
The N-dependent high-frequency Raman modes also reflect the interlayer interaction in 2D
materials.4 The optical Raman spectra of aa- and a¯b-NL-ReS2 up to 8L are shown in Figs. 4(a) and
4(b) in the high frequency region from 120-250 cm−1, respectively, together with that of 1L ReS2.
With increasing N from 1L, NL ReS2 exhibit a similar spectral feature, including mode number
and mode position. Because each mode has specific intensity dependence on the laser polarization
direction, the relative intensity between different modes is usually sample dependent. The peaks at
∼ 161, 213, 235 cm−1 do not obviously change with N for both aa- and a¯b-NL-ReS2. As shown
by the dashed lines in Fig. 4, the ma and mb peaks exhibit different N-dependent peak position
from 1L ReS2 to aa-8L-ReS2 or a¯b-8L-ReS2. With increasing N, the ma mode of 1L ReS2 softens
in aa-stacked NL-ReS2 while it stiffens for a¯b-stacked ones. However, the mb mode stiffens in aa-
stacked multilayers but almost keeps constant for all a¯b-stacked samples. Consequently, Pos(mb)-
Pos(ma) increases from 16.4 cm−1 of 1L ReS2 to 20.6 cm−1 of aa-8L-ReS2, while it decreases
from 16.4 cm−1 of 1L ReS2 to 13.1 cm−1 of a¯b-8L-ReS2, as demonstrated in Fig. 4(c). Therefore,
11
Pos(mb)-Pos(ma) can be used to identify N and the stacking way, similar to the case of few-layer
MoS2.4
The inset in Fig. 4(c) shows the atomic displacement of the ma and mb modes. For a traditional
TMD, such as MoS2, we denote the mode with large weight of out-of-plane vibrations as the Ag-
like mode, and the one with large weight of in-plane vibrations as the Eg-like mode.39 Thus, the ma
and mb modes are the Ag-like and Eg-like modes, respectively. In general, the intra-layer mode can
be stiffened by the interlayer vdW coupling and be softened by the long-range Coulomb screen.39
The overall strength between the two interactions determines the mode to be stiffened or softened
with increasing N. Both the interlayer coupling and long-range Coulomb screen are sensitive with
the stacking ways. The calculated frequencies of the ma and mb modes of 1L ReS2, aa-2L-ReS2
and a¯b-2L-ReS2 by DFPT are summarized in Table S1 in the SI. The calculated Pos(mb)-Pos(ma)
increases from 17.9 cm−1 of 1L ReS2 to 18.2 cm−1 of aa-2L-ReS2, while it decreases to 16.9 cm−1
for a¯b-2L-ReS2, consistent with the experimental trend. Therefore, the calculated and experimental
Pos(mb)-Pos(ma) values in 1L- and 2L-ReS2 further confirm that the significant interlayer coupling
really exists in NL ReS2 and is different between the two stacking orders.
The bandgaps of aa- and a¯b-NL-ReS2 are measured by PL spectra, as shown in Fig. 5(a).
Figure 5(a) also shows the PL spectrum of 1L ReS2 in the grey curve, revealing its bandgap of
1.61 eV. In general, for a given N, PL spectra of aa-NL-ReS2 (green solid curves in Fig. 5(a))
exhibit weaker intensity and higher peak energy in comparison with a¯b-NL-ReS2. The PL profile
of aa-NL-ReS2 is similar to that of 1L ReS2 and with a full width at half maximum (FWHM) of
about 160 meV. However, PL profile of a¯b-NL-ReS2 is narrower than that of aa-NL-ReS2, and
there exists a sharp peak at its center. These different PL profiles can be adopted as a gauge to
distinguish the a¯b stacked NL ReS2 from the aa-stacked ones. The bandgap of NL ReS2 decreases
from 1.57 eV of 2L to 1.52 eV of 8L for aa-NL-ReS2 while it decrease from 1.58 eV of 2L to 1.51
eV of 8L for a¯b-NL-ReS2, as summarized in Fig. 5(b). The calculated band structures show that
1L ReS2 and both aa- and a¯b-NL-ReS2 are direct bandgap semiconductors, corresponding to the
transition at the Γ point of the Brillouin zone, as shown in Fig. 5(c). The theoretical bandgap of 1L
12
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Figure 5: (a) PL spectra of 2L, 4L, 5L and 7L ReS2 with aa (green curve) and a¯b (red curve)
stacking ways. (b) Evolution of direct bandgap of aa-stacked (green) and a¯b-stacked (red) NL-
ReS2 as a function of N. The bandgap is extracted from PL spectra (square) and also revealed
by DFT calculation (circle). (c) Band structures of aa-stacked (top panel, green solid curves)
and a¯b-stacked (bottom panel, red solid curves) 2L-ReS2, respectively, where the corresponding
bandgap is marked. (d) The polarization dependence of the PL intensity of aa-stacked (green) and
a¯b-stacked (red) 2L-ReS2.
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ReS2 is 1.55 eV, which drops to 1.36 and 1.27 eV for the aa- and a¯b-stacked bilayers, and further
to 1.26 eV of aa-8L-ReS2 and 1.19 eV of a¯b-8L-ReS2. The theoretical and experimental trends
of bandgap on N are consistent with the only exception for 2L-ReS2 that experimental bandgap of
aa-2L-ReS2 is smaller than that of a¯b-2L-ReS2, but the calculation predicts the opposite. Standard
DFT is widely known to underestimate bandgap of semiconductors and does not consider exciton
binding energy that is of importance in 2D layered structures. In terms of TMDs, standard DFT
predicts reasonable bandgaps because of an error cancelation by the underestimation and lack of
exciton binding energy. In thinner flakes, e.g. 2L-ReS2, the role of exciton binding energy is more
pronounced than those of thicker flakes. We thus argue that this experiment-theory discrepancy
in 2L-ReS2 is, most likely, a consequence of different exciton binding energies of aa- and a¯b-
2L-ReS2. Figures 5(d) shows the polarized PL intensities of both aa- and a¯b-2L-ReS2, which
exhibit comparable polarization behaviors because the similar in-plane crystal structures. The N-
dependent PL peaks also indicate that the interlayer coupling in multi-layer ReS2 is significant for
both stacking orders.
In conclusion, two stable stacking orders (aa and a¯b) in the 2L ReS2 has been identified
by ultralow-frequency Raman spectroscopy and the first-principles calculation, which indicates
the significant interlayer coupling in 2L ReS2, in different from the previously believed non-
interaction. According to N-dependent frequency evolution of the C and LB modes, the aa and
a¯b stacking orders also exist in multi-layer ReS2 and the corresponding N-dependent frequency
of C and LB modes can be well predicted by the linear chain model. The N-dependent high-
frequency Raman modes and PL spectra further confirm the existence of the aa and a¯b stacking
orders in multi-layer ReS2. The isotropic interlayer shear coupling with the appearance of one
C mode, Pos(mb)-Pos(ma) and peak profile can be used to distinguish a¯b-stacked NL-ReS2 from
aa-stacked ones. This study pave the way to explore interlayer coupling, layer stacking, electronic
and optical properties of other 2D anisotropic materials.
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Methods
Sample
The ReS2 flakes were prepared on Si/SiO2 substrates from a bulk crystal (2D semiconductors Inc)
by the standard micromechanical exfoliation method.1
Optical contrast
Micro-Raman confocal system and a ×50 objective with a numerical aperture of 0.45 were used in
the optical contrast measurement. A tungsten-halogen lamp was used as a light source. The optical
contrast is defined as 1-RF (λ )/RSub(λ ), where RSub(λ ) and RF (λ ) are the reflected light intensities
from the SiO2/Si bare substrate and the ReS2 flake deposited on SiO2/Si substrate, respectively,
dependent on the wavelength (λ ) of the light source.
Raman and photoluminescence spectroscopies
Raman and PL spectra are measured at room temperature using a Jobin-Yvon HR800 micro-Raman
system equipped with a liquid-nitrogen-cooled charge couple detector (CCD), a ×100 objective
lens (numerical aperture=0.90) and several gratings. The excitation wavelengths are 502 nm from
an Ar+ laser and 633 nm from a He-Ne laser. The 1800 lines/mm grating is used in the Raman
measurement, which enables one to have each CCD pixel to cover 0.60 cm−1 at 502 nm. A typical
laser power of 0.3 mW is used to avoid sample heating. The laser plasma lines are removed using
a BragGrate bandpass filter. Measurements down to 5 cm−1 are enabled by three BragGrate notch
filters with optical density 4 and with a FWHM of 5 cm−1.
Density functional theory calculation
Density functional theory calculations were performed using the generalized gradient approxima-
tion for the exchange-correlation potential, the projector augmented wave method40,41 and a plane-
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wave basis set as implemented in the Vienna ab-initio simulation package (VASP).42 Phonon-
related properties were calculated with VASP based on density functional perturbation theory
(DFPT).43 The energy cut-off for the plane-wave basis was set to 700 eV for all calculations.
A 2×2 supercell containing two ReS2 layers and a vacuum layer of 16 Å was adopt to consider the
distorted lattice with a k-mesh of 7×7×1 to sample the first Brillouin zone of few-layered ReS2.
Van der Waals interactions were considered at the vdW-DF44,45 level with the optB86b exchange
functional (optB86b-vdW)46,47 for geometry optimization, which was found to be more accurate
in describing structural properties of layered materials.26,48–50 The shape (in-plane lattice parame-
ters) of each supercell was fully optimized and all atoms in the supercell were allowed to relax until
the residual force per atom was less than 0.001 eV·Å−1. In electronic bandstructure calculations,
the lattice constants were kept fixed to the 2L values for multilayers, and the residual forces of all
atoms in each supercell were fully relaxed to less than 0.01 eV·Å−1.
Note: While finalizing this manuscript, we became aware of two preprints reporting the low-
frequency Raman spectra of ReS2.51,52
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